A systematic functional analysis across much of the conventional Anopheles gambiae odorant receptor (AgOR) repertoire was carried out in Xenopus oocytes using two-electrode, voltage-clamp electrophysiology. The resulting data indicate that each AgOR manifests a distinct odor-response profile and tuning breadth. The large diversity of tuning responses ranges from AgORs that are responsive to a single or small number of odorants (specialists) to more broadly tuned receptors (generalists). Several AgORs were identified that respond robustly to a range of human volatiles that may play a critical role in anopheline host selection. AgOR responses were analyzed further by constructing a multidimensional odor space representing the relationships between odorants and AgOR responses. Within this space, the distance between odorants is related to both chemical class and concentration and may correlate with olfactory discrimination. This study provides a comprehensive overview of olfactory coding mechanisms of An. gambiae that ultimately may aid in fostering the design and development of olfactory-based strategies for reducing the transmission of malaria and other mosquito-borne diseases.
A systematic functional analysis across much of the conventional Anopheles gambiae odorant receptor (AgOR) repertoire was carried out in Xenopus oocytes using two-electrode, voltage-clamp electrophysiology. The resulting data indicate that each AgOR manifests a distinct odor-response profile and tuning breadth. The large diversity of tuning responses ranges from AgORs that are responsive to a single or small number of odorants (specialists) to more broadly tuned receptors (generalists). Several AgORs were identified that respond robustly to a range of human volatiles that may play a critical role in anopheline host selection. AgOR responses were analyzed further by constructing a multidimensional odor space representing the relationships between odorants and AgOR responses. Within this space, the distance between odorants is related to both chemical class and concentration and may correlate with olfactory discrimination. This study provides a comprehensive overview of olfactory coding mechanisms of An. gambiae that ultimately may aid in fostering the design and development of olfactory-based strategies for reducing the transmission of malaria and other mosquito-borne diseases.
odorant receptor | olfaction T he Afrotropical mosquito Anopheles gambiae is the principal vector for human malaria (1) and lymphatic filariasis, diseases with catastrophic effects on global health (2) . Olfaction is the primary sensory modality for this mosquito and, as such, plays a critical role in host selection and other behaviors of adult females that directly impact their vectorial capacity (3) .
Adult An. gambiae have three olfactory appendages-the antenna, the proboscis, and the maxillary palp-all of which are populated by several classes of olfactory sensilla containing the dendrites of up to four odorant-receptor neurons (ORNs) (4) . At the center of the peripheral olfactory signal transduction pathway in this system is a family of An. gambiae odorant receptors (AgGPRors, hereafter AgORs) that are selectively expressed in the ORNs. Canonically, insect ORNs are thought to express a single set of odor receptor (OR) heterodimers composed of one highly conserved, nonconventional OR83b-like protein together with a conventional OR that presumably mediates odorant-binding specificity (5-7). In An. gambiae, a family of 79 AgORs initially were annotated as candidate G protein-coupled receptors (GPCRs) (8) , although several studies have disputed the GPCR nature of insect ORs (7, (9) (10) (11) ). It appears likely that insect ORs form ligand-gated heterodimeric ion channels that activate ORNs through ionotropic (10) and possibly metabotropic mechanisms (11) .
Apart from a set of functional studies of ORs from the model insect Drosophila melanogaster (5, 12) and previous studies of the AgOR subrepertoires of the adult maxillary palp and larval antennae (13, 14) , there has been a paucity of comprehensive functional analyses of adult insect OR repertoires. Here, we performed a functional analysis of the OR repertoire from adult olfactory appendages in the malaria-vector mosquito An. gambiae. Our results indicate that each AgOR bears a distinct odorresponse profile and tuning breadth, and there is a diversity of AgOR tuning responses. Furthermore, some AgORs are responsive to a small panel of odorants (specialists), whereas others are more broadly tuned (generalists), and the AgOR response distribution varies across a wide range of chemical classes. Finally, we have identified several AgORs that are narrowly tuned to human volatiles that may play a critical role in establishing the anthropophily that is characteristic of An. gambiae host selection (3) . Taken together, these results provide insight into the odor-coding mechanisms of An. gambiae that may be used to foster the design and development of olfactorybased strategies for reducing the vectorial capacity of this insect.
Results
Odor-Response Profile of ORs. We have functionally characterized as much of the adult repertoire of conventional AgOR genes as possible by heterologously expressing the AgORs in Xenopus oocytes followed by whole-cell two-electrode, voltage-clamp physiology. In these studies, cRNA encoding a conventional AgOR were injected along with AgOR7 cRNA into Xenopus oocytes (Fig. S1A) . After sufficient incubation to allow for translation and insertion of AgORs into the plasma membrane, the oocyte's response to odorant stimuli can be detected by measuring the release of Ca 2+ from internal stores that activates the endogenous Ca 2+ -activated Cl − channel (15, 16) . In this manner we examined AgOR responses to an 88-compound odor panel encompassing a broad range of both chemical classes and chain lengths (Table S1 ), including alcohols, aldehydes, aromatics, carboxylic acids, esters, heterocyclics, and ketones, and also incorporated several compounds found in human skin emanations, mosquito oviposition sites, human blood, and human urine that previously have evoked physiological and/or behavioral activity in An. gambiae (17) (18) (19) (20) (21) (22) .
The Xenopus oocyte system has been used successfully in functional studies of several insect ORs (13, 14, 16, 23) . In our study, 37 of 72 of the AgORs tested gave rise to specific odorantinduced response profiles when coexpressed with AgOR7 in Xenopus oocytes (Fig. S2 ). For example, oocytes coexpressing AgOR1 and AgOR7 display odorant-evoked inward currents, whereas control oocytes injected with buffer alone or oocytes receiving either AgOr1 or AgOr7 cRNAs alone are unresponsive (Fig. S1B) . Other AgORs display robust responses that are both dose dependent (Fig. S1C Top) and odorant specific (Fig. S1C To facilitate a comparison between all AgOR-odorant pairs, responses were normalized by defining the maximal odorant response for each receptor as 100 response units (RU). In this light, only 7.9% of AgOR-odorant pairs displayed strong responses (defined as >40 RU) (Fig. S3 ). This normalization allows us to assess AgOR responses among different chemical groups; we found the frequency of strong responses (>40 RU) to be higher among aromatics (14.5%), heterocyclics (11.71%), terpenes (9.01%), and alcohols (7.09%) in than ketones (3.86%), carboxylic acids (1.85%), or esters (0.34%) (P < 0.001). Most AgORs responded strongly to heterocyclic or aromatic compounds that contain a benzene ring. Another group of receptors responded best to linear aliphatics, including carboxylic acids, alcohols, and ketones, and the remaining AgORs appeared to be broadly tuned across several chemical classes (Figs. S2 and S3 ). In addition, some odorants, especially aromatic and heterocyclic compounds, elicited responses from many receptors. In contrast, other odorants strongly activated only a single AgOR (Fig. S3 ).
Tuning Breadth of An. gambiae Receptor Repertoire. To survey the responses of AgORs active in Xenopus oocytes, OR tuning curves (12) were generated ( Fig. 1 ). Several AgORs (e.g., such as AgOR5, 31, 26, 1, 34, 8, and 65) appeared to be specialists, with each responding strongly to only a single odorant. At the other end of the spectrum, AgOR30 and AgOR57 can be classified as generalists, responding strongly to 14 and 15 chemically diverse odorants, respectively. AgOR30, for example, was strongly excited by acids, ketones, aromatics, heterocyclics, and alcohols. These results indicate that the receptive range of AgORs varies smoothly from very narrow to broadly tuned, similar to the range described for Drosophila (5). Many narrowly tuned AgORs respond with high affinity (EC 50 <10 −7 dilution) to compounds with relevance to An. gambiae biology (Fig. S4 ). For example, AgOR1 responds strongly (EC 50 = 4.12 × 10 −7
) to 4-methylphenol, which is a known component of human sweat linked to An. gambiae host-seeking (24) . Furthermore, AgOR2 is narrowly tuned with high affinity to indole (EC 50 = 1.67 × 10
), which is an oviposition cue in An. gambiae (25) , and 1-octen-3-ol, which activates maxillary palp ORNs in both Ae. aegypti (26) and An. gambiae (13) , is the strongest ligand (EC 50 = 1.86 × 10 −7
) for the narrowly tuned AgOR8. To address the effect of odorant concentrations, we assayed the responses of all AgORs active in Xenopus oocytes to a range of concentrations of a subset of 13 odorants. The resulting data indicate that strong responses are much less frequent at lower than at higher odorant concentrations (Fig. S5 ). For example, at high concentration (10 −4 dilutions), the frequency of very strong (≥ 80 RU) and strong (40-80 RU) responses was 6.9% and 6.4%, respectively, which is only slightly higher than the 5.4% frequency of modest (20-40 RU) responses. At lower (10 −6 dilution) concentrations, the frequency of very strong, strong, and modest responses dropped to 0.4%, 0.6%, and 3.1%, respectively. Furthermore, none of the odorants tested at the lowest concentration in this study (10 −8 dilution) elicited strong responses. AgOR tuning curves for this 13-odorant subpanel were constructed for each concentration tested to illustrate this feature better (Fig. S6 ). As expected, at the highest concentration tested (10 −4 dilution), the tuning curves recapitulated the characteristics of the full odor-panel tuning curves ( Fig. 1 and  Fig. S6A ). However, response amplitudes and tuning breadths diminished significantly with odor concentration, such that at the lowest concentration (10 −7 dilution) the only very strong AgORodorant response was between AgOR2 and indole, with strong AgOR-odorant responses between AgOR1/4-methylphenol, AgOR8/ 1-octen-3-ol, AgOR10 and indole (Fig. S6D) .
Odor Coding and Odorant Identity. Each AgOR has a specific odor-response profile, suggesting that odorant identity is a major factor affecting odor coding. Some AgORs displayed a strong response to one odorant but manifested weak responses to structurally similar odorants. For example, both AgOR4 and AgOR16 displayed very strong responses to 4-ethylphenol but responded weakly to 2-ethylphenol and 2-methylphenol ( Fig. 2A  and Fig. S2 ).
This effect is not limited to aromatic odorants, because AgOR responses to acidic ligands also appeared to be highly sensitive to carbon-chain length. For example, AgOR25 showed a strong response to undecanoic acid (C11) but very weak responses to shorter chain acids (e.g., heptanoic acid C7, octanoic acid C8, decanoic acid C10). Conversely, short carbon-chain acids elicited a strong response from AgOR53 (heptanoic acid C7 and octanoic acid C8), but AgOR53 was indifferent to longer carbonchain acids (decanoic acid C10 and undecanoic acid C11) (Fig.  2B) . Taken together, these data support the view that AgORbased discrimination provides an important component that facilitates An. gambiae's ability to differentiate among structurally similar odorants.
Odor Space. As is the case for Drosophila (12) and mammalian (27) ORs, it is clear that specific odorants are recognized by combinations of AgORs. To examine the relationship between the chemical nature of odorant stimuli and AgOR responses, we adopted the approach of Hallem and Carlson (12) and constructed a multidimensional odor space to represent the nonnormalized responses of the 37 functional AgORs in our Xenopus oocyte-based expression system. In this manner, we were able to map the Euclidean distance (in nanoamperes, nA) between all responsive pairs of AgORs and the 88-odorant panel, irrespective of the chemical nature of the odorant (Fig. S7A) .
Although cognizant that this analysis represents a subset of all possible AgOR-odorant response combinations, which itself would constitute only part of the mosquito's overall chemosensory inputs, we nevertheless posit that odorants that map together within this odor space generally share significant chemical characteristics and presumably are recognized as similar compounds. For example, when we considered only odorants that elicited a response of at least 40 nA from one or more receptor, the closest odorant pairs were dodecanoid acid/tridecanoic acid (30 nA), isovaleric acid/2-oxopentanoic acid (48 nA), and 4-methylthiazole/2,4-dimethylthiazole (150 nA) (Fig. S7B) . In each instance, the odorants within each pair are structurally very similar; their evoking essentially identical response patterns across the receptor repertoire is consistent with the hypothesis that within the context of this limited odor space the mosquito would not be expected to distinguish between them. Similarly, the odorant pairs that gave the largest response differential in this odor space, and which presumably are readily discriminated, were 3-methylindole/2,4,5-trimethylthiazole (4,176 nA) and acetophenone/fenchone (3,980 nA). In this case, each member of the odorant set displayed significantly different structural and chemical characteristics (Fig. S7B) . In other cases, however, structurally similar compounds also were appreciably separated during this analysis. For example, the aromatic odorants acetophenone and 4-ethylphenol were found to be far apart in the odor space (2,887 nA) but to share a significant degree of chemical similarity (Fig. S7B, dashed box) . This distribution presumably reflects the biological nature of the An. gambiae odor space where AgOR odorant responses have evolved to reflect the ecological niches that the mosquito occupies.
Principal components analysis (PCA) was used to visualize better the 37-dimensional An. gambiae odor space by reducing it to a 3D space that represents more than 80% of the variance in the data set. Here, we noted that, in general, structurally similar compounds often clustered together in odor space (Fig. 3A) . That said, it is noteworthy that aromatic odorants were more dispersed than other odorant chemical classes, suggesting that adult An. gambiae have a more robust ability to discriminate among aromatic odorants.
We also examined the effect of odorant concentration on odor space. To do so, we used PCA analysis to visualize odor space across five odorant concentrations for the same 13-odorant subpanel (Fig. 3B) . The results show that odorants at higher concentrations (10 −4 to 10 −5 dilution) were considerably more dispersed in odor space than those at the low concentrations (10 −7 or 10 −8 dilution) where most odorants cluster closely. This finding is consistent with a model in which An. gambiae possesses a more robust capacity to discriminate these odorants at higher versus lower concentrations (Fig. 3B) . In all graphs, vectors quantifying the responses of the 37 antennal receptors to each tested odor were projected onto a 3D coordinate system determined by PCA as described in ref. 12 . The 3D representation captures ∼68% of the variation in the original 37-dimensional data set. PCA was performed using the responses of each receptor to each of the pure odorants.
Discussion
Insect ORs have been postulated to play a central role in olfactory signal transduction as well as providing much of the underlying basis for the complexity of the olfactory code transmitted from peripheral olfactory appendages to the brain. This role is especially important in disease-vector mosquitoes such as An. gambiae, in which olfactory information constitutes a substantial component of the sensory input for behaviors that underlie much of the mosquito's vectorial capacity. To investigate the molecular basis of olfactory coding of An. gambiae adult females, we undertook a systematic effort to express individually and characterize functionally the adult AgOR repertoire.
AgOR Odor Response Profiles. Our data support and extend the assertion that AgORs are bona fide chemosensory receptors for chemosensory cues in An. gambiae. Furthermore, this analysis of odor coding of the adult AgOR repertoire revealed two fundamental characteristics that are shared with their Drosophila counterparts (12) . First, AgOR-based odor responses appear to be biased toward specific chemical classes; second, strong responses within the AgOR odorant-response landscape are generally sparse. Furthermore, those AgORs that do respond strongly to one or more odorant stimuli remain largely nonresponsive to the majority of odorants tested (Fig. S2) .
It is important to note that nearly half of the AgORs originally tested were not responsive to any of the 88 odorants, and 19.3% of the odorants failed to activate any AgOR (Fig. S3) . These odorants included all the amines tested and the majority of acids, aldehydes, and esters. It is likely that a significant portion of such nonresponsive odorants target other sensory receptors such as the anopheline homologues of members of a recently identified family of noncanonical chemosensory receptors (28) . In addition, nonresponsive or otherwise nonfunctional AgORs may, in part, reflect problems with expression and/or membrane localization in Xenopus oocytes. However, given the robust ability of this system to facilitate AgOR functional studies, it is more likely that nonresponsive AgORs are narrowly tuned to compounds outside the test panel used here. It also is possible that a subset of the nonfunctional AgORs reacts to odorant-induced stimulation with inhibitory rather than excitatory responses and, accordingly, would appear inactive in voltage-clamped Xenopus oocytes that lack spontaneous activity. Lastly, these AgORs also may represent a population of noncanonical receptors with functional requirements (e.g., obligate and as yet cryptic cofactors) that are not present in Xenopus oocytes.
An analysis of AgOR tuning breadths supports the view that insect OR repertoires cover a range of odor responses from narrowly tuned specialist to broadly tuned generalist receptors. This notion is in keeping with similar functional analyses of the Drosophila melanogaster OR (DmOR) family (12) as well as in vivo physiological studies in several species of mosquitoes (29) . In contrast to the predisposition of DmORs toward excitatory responses directed against plant-derived compounds that are rich in alcohols and esters (12) , many AgORs show a markedly enhanced response to aromatic compounds and heterocyclics, especially cresols containing benzene rings (Figs. S2 and S3 ), many of which are known components of human sweat (30) . In addition, a number of odorants dispersed among several chemical groups (Fig. S3, yellow bars) evoke responses from only a single AgOR. Conversely, we have characterized several narrowly tuned AgOR specialists that display high affinity for odorants noteworthy for their relevance for mosquito behavior, especially the anthropophilic host preference that is closely associated with the high vectorial capacity of An. gambiae (3).
Concentration-Dependent Odor Coding. Our analysis of concentration-dependent AgOR responses conclusively demonstrates that AgOR activation is significantly modulated by stimulus concentrations. This finding is not surprising and is entirely consistent with related studies on odor-coding intensities in Drosophila (12, 31) and mammals (32) . It is reasonable to suggest that, as additional ORs are activated by olfactory stimuli of increasing intensity, perception and downstream behavioral responses would be coordinately affected. Nevertheless, as evidenced by the fact that several AgORs were able to respond to very low odorant concentrations (Figs. S5 and S6D) , there is sufficient sensitivity in this system to facilitate a broad spectrum of biological activity. Numerous studies have demonstrated that anopheline mosquitoes have an extraordinary sensitivity to both long-and short-range odorants that play critical roles in behavioral activity (33, 34) .
Odor Space of Adult An. gambiae. A multidimensional analysis of the full spectrum of DmOR odor responses provided insight into odor coding in that model system (35) . In this study, we used a similar approach, in which AgOR odorant interactions indicated that odorant position in odor space is largely, but not exclusively, dependent on the relevant functional group (chemical class) that defines its structure. Odorants that share common structural features were clustered together in an odor space that, in part, represents the olfactory sensitivity of An. gambiae. In addition, the volume of An. gambiae odor space is highly dependent on odorant concentration: As stimulus intensity diminishes, so does the effective odor space and, presumably, the mosquito's ability to discriminate among most odorants (Fig. 3) . This finding is consistent with previous studies that mapped the odor space in Drosophila (35) .
Despite the utility of this analysis, it is important to note that the odor space we have begun to define here does not represent the entire olfactory spectrum of An. gambiae. At the very least, the absence of activity in the Xenopus oocyte ex vivo expression system used here and, accordingly, the lack of any functional data for a significant portion of the AgOR repertoire suggest considerably more complexity. Indeed, the present analysis does not encompass the non-AgOR-based sensitivity to CO 2 that is derived from the maxillary palps (13) or the molecular receptors for ammonia, lactate, and other carboxylic acids that are known to play important roles in anopheline host-seeking (22) .
These results, combined with further characterization of the chemosensory receptor repertoire in An. gambiae in vivo, will facilitate a clearer understanding of the olfactory sensitivity in this system. Such information will be critical in understanding the relationship between the molecular receptors that lie at the center of anopheline odorant signal transduction pathways and the downstream behaviors that directly impact the mosquito's vectorial capacity. Ultimately, such information, especially as pertains to the component carried by narrowly tuned receptors, may be used in the discovery and development of chemicals that agonize or antagonize AgORs. Such compounds could then be employed in "push-pull" strategies to attract or repel vector mosquitoes (36) , thus reducing the transmission of malaria and other mosquito-borne diseases.
Materials and Methods
Further details of methods and materials used are given in SI Materials and Methods.
Mosquito Rearing. An. gambiae sensu stricto, which originated from Suakoko, Liberia, was reared as described (4) .
Receptor Expression and Electrophysiological Recordings. Full-length coding sequences of all AgORs were PCR amplified from the cDNA of female An. gambiae olfactory appendages, and cRNAs were synthesized from linearized vectors using mMESSAGE mMACHINE Sp6 or mMESSAGE mMACHINE T7 Ultra (Ambion). Mature healthy oocytes (stage V-VII) were treated with 2 mg/mL collagenase S-1 in washing buffer (96 mM NaCl, 2 mM KCl, 5 mM MgCl 2 , and 5 mM Hepes, pH 7.6) for 1-2 h at room temperature and microinjected with 27.6 nL of a 1:1 AgOrx:AgOr7 cRNA mixture. Whole-cell currents were recorded from the injected Xenopus oocytes using a two-electrode voltage-clamp setup (RC-3Z/ OC-725C, Warner Instruments) at a holding potential of -80 mV).
Statistical Analysis. Principle component analysis and hierarchical cluster analysis were performed using PAST software. Odor spaces were constructed using SigmaPlot software, the first three principal components having been obtained from PCA analysis using PAST software.
